Neural computation has classically been considered to be a process that depends, in large part, on the integration of excitatory and inhibitory synaptic signals by postsynaptic neurons; these cells generate sequences of action potentials that convey their messages, in turn, to still other neurons. We now appreciate that synaptic activity is a dynamic process that can be altered by mechanisms that include sprouting, pruning, facilitation, potentiation, and depression. But what about the electrogenic properties of neurons, ie the capability of these cells to generate all-or-non action potentials? Recent work indicates that the electrogenic machinery within neurons is also dynamic as a result of plasticity in the expression of sodium channels within the neuronal membrane. Molecular and functional remodeling of electrogenic membrane has been most extensively studied in developing and diseased neurons, but also occurs in the normal brain. The molecular plasticity of electrogenic membrane has important functional implications, since it can retune the neuron, changing its input-output relations.
The ten billion neurons within the brain and spinal cord form a computer that is more complex and flexible than any device produced thus far by man. According to the classical Sherringtonian model, each neuron integrates incoming information so as to generate a sequence of regenerative action potentials that conveys its message to other neurons. Information processing in the central nervous system, according to this model, involves the generation of complex patterns of action potentials by neurons which integrate the activity at excitatory and inhibitory synapses which impinge upon them. Synaptic mechanisms underlying these excitatory and inhibitory effects have been studied in detail-indeed, we now understand not only the steady-state behavior of synapses, but also appreciate that synaptic activity is a dynamic process that can be altered by mechanisms that include sprouting, pruning, facilitation, potentiation and depression.
Since electrogenicity, ie, the capability of neurons to generate action potentials, contributes substantially to their integrative function, an understanding of its molecular basis may provide insights into the molecular underpinnings of higher function. The seminal work of Hodgkin and Huxley demonstrated that, in most neurons, voltage-gated sodium channels are responsible for the regenerative depolarization that underlies the action potential. Thus sodium channels are very important contributors to neuronal electrogenesis.
Over the past few years, important new information has become available about the molecular structure and function of sodium channels within the nervous system. Although students of neuroscience have traditionally been taught about 'the' sodium channel, it has become clear that nearly a dozen genes encode distinct sodium channels with different molecular properties; at least eight of these are expressed, alone or in various combinations, within various types of neurons. Importantly, the expression of sodium channels within neurons is now known to be highly dynamic. Plasticity of sodium channel expression has been studied most extensively in various pathological states, but it is also becoming clear that sodium channel expression in normal neurons is dynamic and state-dependent. Thus, rather than thinking of the neurons within the brain as computational or integrative elements with fixed electrogenic (action-potential generation) properties, it appears that at least some neurons may be in an ongoing state of flux, revising their electrogenic machinery and thus their input-output functions via changes in sodium channel expression, even in the absence of injury. This article will briefly review recent progress in this area.
Multiple sodium channels contribute to the neuronal electrogenic apparatus
At least eight sodium channel genes are expressed within neurons, with some neuronal cell-types expressing multiple sodium channel genes. The different sodium channels encoded by these genes share a common overall structural motif but have different amino acid sequences and display different physiological properties (eg, voltage-dependence, kinetics of activation/inactivation, rates of recovery from inactivation, etc). One of the examples best studied to date is provided by dorsal root ganglion (DRG) neurons, which express at least six sodium channel mRNAs which encode channels with different voltage-dependencies and kinetics.
1 As a result of their different physiological properties, the different types of sodium channels endow functionally different classes of DRG neurons with different transductive and/or encoding properties. This can be appreciated in Figure 1 which juxtaposes whole-cell patch clamp recordings of sodium current from a cutaneous afferent DRG neuron and a muscle afferent DRG neuron. 2 The different kinetics and voltage-dependence of the sodium currents in these two subtypes of DRG neurons underlie different patterns of action potential electrogenesis in these morphologically similar but functionally dissimilar cells ( Figure  1e , f).
Sodium channel expression is dynamic: I. Developing and injured neurons
Sodium channel expression within neurons is not static. On the contrary, it is a highly dynamic process. For example, levels of expression for some sodium channels (eg ␣-I, ␣-II) increase during the course of development, while expression of others (eg ␣-III) concomitantly decreases. At least some of these developmental changes appear to reflect regulatory effects of neurotrophins and other growth factors on transcription of various sodium channel genes. These trophic effects are complex. For example, nerve growth factor (NGF) has opposing actions on expression of the ␣-SNS and ␣-III sodium channel genes in mature DRG neurons, up-regulating the former and down-regulating the latter. 3, 4 The expression of another sodium channel in these cells, NaN, is regulated by glial cell-derived growth factor (GDNF). 5 These neurotrophins and growth factors act via different receptors and signalling cascades; it is possible that sodium channel expression in neurons reflects combinatorial effects of multiple factors.
Electrical activity itself may modulate the expression of sodium channels within excitable cells, at least during critical periods of development. Electrical activity, cAMP levels, and intracellular calcium have been shown to modulate the expression of sodium channels in muscle cells. 6 Deafferentation of the olfactory bulb in neonatal rats, via transection of the olfactory nerve, results in a down-regulation of ␣-II sodium channel mRNA in tufted and mitral cells. 7 This effect is not due to denervation per se, but rather appears to be due to a change in the level of synaptic activity since similar changes in sodium channel expression occur following cauterization of the naris which abolishes access to olfactory stimuli without denervating the olfactory bulb. 8 Some of the most dramatic changes in sodium channel expression, and the earliest to be studied, are those that occur following neuronal injury. In early studies on spinal motor neurons, Eccles and his colleagues 9 observed changes in somatodendritic excitability which appeared to represent the deployment of increased numbers of sodium channels within the neuronal membrane following axonal transection. More recent electrophysiological studies have demonstrated that the abnormal somatodendritic excitability is sodium-dependent, 10 ,11 more directly implicating a change in sodium channel deployment in neurons following axonal injury. Other studies using immunocytochemical methods have demonstrated increased numbers of sodium channels within the distal parts of injured axons. [12] [13] [14] Contemporary molecular techniques have recently allowed us to examine the molecular basis for these changes and to ask whether different types of sodium channels are deployed within neurons following injury (Figure 2) . We have thus learned that there is an upregulation of several sodium channel genes, including the previously silent ␣-III sodium channel gene 15 and a down-regulation of other sodium channel genes, including ␣-SNS and NaN in DRG neurons following axonal transection (Figure 2) . 16, 17 In models where axonal regeneration is not permitted, the changes in sodium channel expression persist for months following injury. 16, 18 As might be predicted, electrophysiological changes accompany these changes in sodium channel gene expression. Following axonal transection, a rapidly repriming sodium current (ie a current which recovers rapidly from inactivation) emerges in DRG neurons (Figure 3a) . 18 There is also a down-regulation of TTXresistant sodium current in these cells following axotomy, 18, 19 consistent with the down-regulation of SNS/PN3 and NaN sodium channel transcripts ( Figure  3b , c). These changes poise DRG neurons to fire spontaneously, or at inappropriately high frequencies, following injury, and appear to contribute to hyperexcit- ) show ␣-III, SNS/PN3, and NaN mRNA in control DRG, and at 5-7 days post-axotomy. RT-PCR (left side) shows products of co-amplification of ␣-III and SNS together with ␤-actin transcripts in control (C) and axotomized (A) DRG (days post-axotomy indicated above gels), with computer-enhanced images of amplification products shown below gels. Co-amplification of NaN (392 bp) and GAPDH (6076 bp) shows decreased expression of NaN mRNA at 7 days post-axotomy (lanes 2, 4, 6) compared to controls (lanes 1, 3, 5). Top, middle panels modified from Dib-Hajj et al. 16 Bottom modified from Dib-Hajj et al. 17 ability of these neurons that can underlie neuropathic pain. 20 Although most of the studies on sodium channel mis-expression after neuronal injury to date have focused on injured DRG neurons, it is possible the hyperexcitability also develops as a result of altered sodium channel expression following other types of insult, and in other types of neurons following injury. For example, it is now known that sodium channel densities can increase in DRG neurons as a response to inflammation in their projection fields 21, 22 and it has been demonstrated that this is due, at least in part, to changes in sodium channel gene expression. 21 Largerthan-normal numbers of sodium channels are present in the brains of genetically seizure-susceptible mice 23 and a shift in voltage-dependence of sodium currents has been observed within hippocampal neurons in a model of epileptic kindling, suggesting the possibility that in this model of epilepsy there is a switch in the pattern of expression of sodium channel genes. 24 Several studies have demonstrated changes in sodium channel gene expression in models of epilepsy. 25 There is evidence that persistent sodium channels constitute a particularly important substrate for the sustained depolarizations associated with epileptiform activity; thus, even in the absence of a global up-regulation of sodium channels, a selective increase of sodium channels producing persistent sodium currents could increase neuronal excitability and contribute to epileptogenesis.
Sodium channel expression is dynamic: II. Normal neurons
Changes in sodium channel expression are not confined to the developing nervous system or to pathological situations. When neurons in the non-pathological nervous system pass from one functional state to another, for example from a relatively quiescent state (generating action potentials at low frequencies) to a bursting (high-frequency discharge) state, they utilize their repertoire of pre-existing sodium channels in different ways. But in some cases neurons also functionally rebuild themselves, by deploying a new and different ensemble of sodium channels so as to re-tune their electrogenic machinery.
A striking example of this type of molecular plasticity is provided by the magnocellular neurosecretory cells within the supraoptic nucleus of the hypothalamus. In their basal state these cells are relatively quiescent, firing irregularly at low frequencies (Ͻ3 impulses s
−1
). These neurons, however, respond to changes in osmotic stimuli by generating bursts of action potentials which trigger the release of vasopressin at their axon terminals in the neural lobe of the pituitary. [27] [28] [29] My colleagues and I recently tested the hypothesis that the transition from the quiescent to the bursting state includes a rebuilding of these cells' electrogenic membrane via the expression of a new repertoire of sodium channels. 30 To test this hypothesis, we studied magnocellular neurons under normal conditions and following salt-loading, which exposes supraoptic neurons to a milieu of elevated extracellular osmolality and triggers a transition to a bursting state.
We first studied sodium channel gene expression in the supraoptic nuclei of adult rats using isoform-specific riboprobes for in situ hybridization. Within the control supraoptic nucleus (from rats that had not been salt-loaded), we observed low levels of the mRNA for the ␣-II and Na6 sodium channel ␣ subunits within magnocellular neurons. Significant levels of ␣-I and ␣-III mRNA could not be detected in these cells. We next salt-loaded animals, and observed a distinct up-regulation of the ␣-II and Na6 mRNAs (Figure 4 ). These observations 30 showed that the expression of the ␣-II and Na6 sodium channel genes is increased in response to salt-loading.
Because the expression of ion channels within the cell membrane is controlled at both the transcriptional and translational levels, increased mRNA levels are not necessarily accompanied by increased synthesis of enhanced protein. Therefore, as a next step we used immunocytochemical and immunoblotting methods with an antibody directed against a conserved region of sodium channels, to ask whether changes in gene transcription were paralleled by increases in sodium channel protein. In this way we learned that the increase in sodium channel mRNA following salt-loading was accompanied by a distinct increase in the amount of sodium channel protein within these neurons. 30 These experiments showed that the transcription of ␣-II and Na6 sodium channel mRNA in magnocellular neurons is up-regulated as they make the transition to a bursting state, and further showed that this results in an increased level of sodium channel protein in these cells, a change which could support a functional change in their electrogenic machinery. To determine whether there was, indeed, a functional remodeling of magnocellular neurons, it was necessary to further show that these channels were inserted into the cell membrane where they could alter the electrogenic properties of these cells. To do this we used patchclamp recording. 30 The presence of two different sodium channels (␣-II and Na6) in the magnocellular neurons suggested that they should produce several distinct sodium currents with different properties. It was known, from studies in other neuronal cell types such as Purkinje cells, that the Na6 sodium channel can produce a slow or persistent sodium current. 31, 32 The ␣-II channel, in contrast, has been shown to produce a fast transient current. 33, 34 Consistent with the expression of two types of sodium channels, our patch clamp recordings demonstrated the presence of two distinct sodium currents in control magnocellular neurons. First, a fast transient sodium current which con- Figure 4 Up-regulation of ␣-II and Na6 sodium channel mRNA in supraoptic magnocellular neurons following salt-loading. The micrographs, from control (left column) and salt-loaded (right column) rats, were digitally enhanced to show in situ hybridization with subtype-specific riboprobes for Na channel subunits ␣-I, ␣-II, ␣-III and Na6. ␣-I and ␣-III mRNA are not detectable, and low levels of ␣-II and Na6 mRNA are present in the control supraoptic nucleus (no asterisks). Expression of the ␣-II and Na6 transcript is up-regulated following salt-loading (asterisks). Optical densities from unenhanced micrographs (graph) provide a quantitative measure of mRNA levels and show a significant increase in ␣-II and Na6 mRNA following saltloading. *P Ͻ 0.01. Bar = 100 m. Modified from Tanaka et al. 30 tributes to the rapid upstroke of the action potential. Second, persistent sodium currents with thresholds closer to resting potential which can be elicited by slow (0.23 m V ms ) ramp-like depolarizations in magnocellular neurons. When we compared salt-loaded and control animals, we observed an increase of 20% in the density of the fast transient sodium current in salt-loaded rats. In contrast, the ramp current density was approximately 60% larger ( Figure 5 ). The two sodium currents were thus both increased, but to significantly different degrees. The different voltagedependence and kinetics of these two channels appear to permit them to participate in different ways in electrogenesis, the persistent Na6 current being evoked by small depolarizations close to resting potential and serving to amplify depolarizing inputs, and the ␣-II current contributing to the rapid depolarizing upstroke of the action potential. The disproportional increases in the two currents encoded by these two channels would be expected to lower the threshold for action potential generation and thus appears to reflect a retuning of the electrogenic membrane of these neurons associated with their transition to a bursting state.
Does altered sodium channel expression contribute to other types of plasticity?
It is of course well-established that the properties of some neural circuits can be altered in an activitydependent manner via processes including long-term potentiation and long-term depression which are best understood in terms of underlying changes in synaptic strength. In principle, changes in sodium channel expression could also contribute to changes in the properties of neural circuits. The threshold for action potential initiation is, in part, a function of sodium conductance and thus of the density, single-channel conductance, and kinetics of sodium channels. [35] [36] [37] Even relatively small changes in the number or relative densities of sodium channels at action potential trigger zones might be expected to alter electroresponsiveness, thus shaping the input-output function for the neuron. Sodium channels also serve, in some types of neurons, to amplify synaptic depolarizations. 38, 39 This has been especially well-studied in dendrites 40, 41 where, as a result of high input impedance, even a small sodium conductance would be expected to produce large potential changes. [42] [43] [44] The sensitivity of the amplification factor to changes in sodium channel density would thus be expected to be especially high within dendrites. It is an intriguing possibility that changes in membrane excitability reflecting altered sodium channel expression contribute to activity-dependent changes in neuronal circuits. This hypothesis has not been rigorously tested, but computer simulations have demonstrated that a switch in sodium channel properties (shift in the voltage-dependence of activation) can reproduce threshold changes that have been observed experimentally in a model of operantly conditioned motor neuron plasticity. 45 It could be relatively straightforward to determine whether, in addition to changes in synaptic strength, alterations in sodium channel expression contribute to activity-dependent changes in neuronal circuit properties that are usually associated with long-term potentiation and/or depression.
The full range of plasticity of the neuronal electrogenic machinery within the normal nervous system remains to be determined. At a minimum, we now understand that neurons are not fixed or static electrogenic devices; on the contrary, their electrogenic properties appear to be state-dependent as a result of sodium channel plasticity. From the point of view of electrogenicity, today's neuron is not necessarily the same as yesterday's neuron-indeed, we can begin to think of neurons as dynamic electrogenic machines that can be in an ongoing state of flux. As a result, incoming messages may be processed using neuronal algorithms that change over time. It remains to be learned whether changes in sodium channel expression contribute, together with synaptic changes associated with long-term potentiation and/or depression, and with other activity-related changes in neural activity, to processes such as learning and memory. The available data provide some hints that suggest that this may occur. Using tools that are currently available, which permit the examination of the channel genes, transcripts, proteins, and physiological properties that shape electrogenic behaviour in neurons, we will undoubtedly learn much more about the molecular plasticity of neurons and their contributions to behavior in the relatively near future.
